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Abstract—The Performance of battery packs is highly 
affected by imbalances between the series connected cells that 
provide the required string voltage. A modular battery 
implementation based on cascaded converters can have 
advantages over traditional centralized battery systems with add-
ons active/passive balancing techniques. This paper investigates 
the use of a modular battery integrated within a cascaded 
converter and how the choice of the converter topology for the 
module influences the benefits and limitations of the modular 
battery system performance. Simulation results have been 
obtained using detailed battery model to validate the analysis. 
 
Keywords—Battery chargers, battery management, battery 
equalization, Lithuim Batteries. 
I. INTRODUCTION 
he parameter mismatch of battery cells connected in 
series in terms of internal impedances or capacities can 
contribute to the accelerated degradation in performance 
of the whole pack. The impedance mismatch of cells results in 
increased thermal stress for the cells with higher internal 
resistance that may speed up their degradation [1]. Also 
mismatching of the cell capacities results in over-charging or 
over-discharging of the cells with lower capacity.  
In traditional centralized battery (TCB) systems ( Fig. 1a) , a 
capacity mismatching between battery cells can be addressed 
by using a balancing system that implements passive or active 
balancing techniques [2-4]. The main advantage of TCB 
systems is that they are simple requiring a single converter, but 
can have a few disadvantages such as that include poor part-
load efficiency and reliability as they are usually based on 
central bidirectional DC-DC converter rated at the full power 
of the battery pack to control the charge/discharge process from 
the DC bus. Also the TCB system is not fault tolerant as any 
failure in one of the battery cells or in the converter can cause 
overall battery system failure. Traditional cell balancing 
systems used with the TCB systems have disadvantages that 
affect the overall system performance. Firstly, they can 
contribute to overall system energy loss due to power 
dissipation in the passive elements (in case of passive 
balancing), or converters losses during energy redirection 
between battery cells (in case of active balancing). Secondly, if 
any particular cell reached the voltage limits during charging or 
discharging, the charge/discharge process for the whole string 
needs to be halted and balancing system will be enabled until 
this cell voltage reaches the recovery limit [5]. The halt time 
will cause the charging time to be increased and may cause loss 
of available energy e.g. in the case of charging from a limited 
availability power source such solar arrays.  
DC-DC
Charge/Discharge
B.C1
B.C2
B.CN
Balancing 
System
D
C
-B
u
s
+
-
D
C
-B
u
s
 
(a) 
     
DC-DC
Converter
B.M.1
DC-DC
Converter
B.M.2
DC-DC
Converter
B.M.N
D
C-
Bu
s
+
-
D
C-
Bu
s
 
(b) 
Fig. 1: Battery system configuration (a) Traditional centralized battery system 
(b) modular battery system. 
T 
Typical ways to overcome halting the charge/discharge process 
rely on continually estimating the differences in the SoCs (∆Q) 
and adjust the equalization currents accordingly during the 
charging/discharging process to prevent weak cells reaching 
the critical limits [6]. However it is difficult to estimate the 
exact SoC imbalance during operation, especially for batteries 
with a chemistry that results in  a flat voltage vs SoC  
relationship such as LiFePO4 batteries [7]. An additional 
limitation of TCB systems is that they cannot balance the 
thermal stress among cells with mismatched impedances.  
    The modular battery system (MBS) based on cascaded 
converters as shown in  
Fig. 1b has been introduced recently [8-12] for different 
applications including second life battery based systems where 
significant imbalances are expected. The MBS can provide 
advantages in controlling each battery module separately based 
on its SoC to ensure energy balancing. It also can provide fault 
tolerance as faulty cells will affect the performance of the 
corresponding module only which and these can be bypassed if 
needed, with the other healthier modules continuing to provide 
power. This paper investigates two different converter 
topologies that can be used with MBS, and describes the 
benefits and limitations that these topologies can add to the 
overall system performance. 
II. ANALYSING THE CHARACTERISTICS OF THE CASCADED 
CONVERTER TOPOLOGIES  
A modular battery system with a cascaded converter 
architecture is shown in Fig. 2. The system battery consists of 
“n” battery modules connected in cascade to a DC bus via 
individual DC/DC converters. Independent on the type of the 
interface converter, the current of battery module “k” can be 
defined based on the power balance equation of the converter 
as (1) whilst the voltage of the DC bus consists of the sum of 
the output voltages of the module converters (2): 
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Based on (1) the current of each battery module can be 
individually controlled by controlling its interface converter. A 
system controller estimates the SoC and monitors the state of 
health SoH for each battery module based on a battery model 
and measured currents and voltages. Using the modules SoC 
and SoH, the system controller decides the power share of each 
module by setting the reference current for each battery 
module: the converters are then controlled to follow these 
references which ensures the desired power sharing.  
    If the cascaded structure is used to deliver a constant DC bus 
voltage independent of load conditions, any derating of battery 
module current will cause a derating of the power injected 
which will cause an imbalance in the DC bus voltage unless 
this is compensated by the power/voltage injected by the other 
modules. This paper will investigate how this imbalance 
caused by an aged battery module is compensated and the 
limitations that exist. Two converter topologies that require the 
same number of semiconductor devices are investigated, 
namely the half bridge inverter connected in 1) voltage step-
down (buck) mode and 2) in voltage step-up (boost) mode. 
 
Fig. 2: MBS with cascaded converter architecture 
A. Using the step-down converter topology 
The cascaded topology seen in Fig. 3 is built with a series 
connection of the low-voltage side of the converters, while the 
battery modules are individually placed on the high-voltage 
side of each converter. This means that the voltage that each 
module contributes to the total bus voltage is always smaller or 
equal to the battery module voltage which means that if one of 
the modules has a weak cells that cannot handle the load 
current during load peaks (high power pulses), the current can 
be decreased to a safe level for this specific module and this 
can be considered as an advantage for this topology. However 
decreasing the current will decrease the voltage contribution of 
this module to the bus voltage which will alter the bus voltage 
unless having a redundant module to compensate for this 
disturbance which can be consider as a limitation for this 
topology.    
    It can be noticed that the topology can be further improved 
by adopting interleaved modulation of the series connected 
converters and using a single inductance for the whole string 
instead of a distributed LC on the DC bus side but the control 
of the string current becomes more complex in terms of 
intellectual challenge although simplifications in terms of 
hardware are clear: the individual output capacitor voltage 
loops as well as the cell output current and voltage transducers 
will no longer be needed.  
     
During the discharge cycle of the battery, the converters are 
working in buck mode with the battery modules connected to 
their inputs and the capacitors connected to the outputs. The 
capacitor voltage VcK for converter “k” can be determined as: 
kbattkk VDVc .*    (3) 
Substituting (3) into (1): 
buskkbatt IDI *.     (4) 
During the charging cycle of the battery, the converters are 
working in boost mode with the capacitors connected to their 
inputs and battery modules connected to their outputs, 
capacitor voltage VcK for converter “k” can be determined as: 
 
kbattkk VDVc .*)1(     (5) 
 
Substituting (5) into (1) yields: 
 
buskkbatt IDI *)1(.     (6) 
 
Based on (4) and (6), the current of each battery module can be 
controlled separately by the corresponding converter duty ratio 
Dk. The module current based on this topology is less than or 
equal to the bus current. 
 
 
Fig. 3: Step-down converter based cascaded topology 
Within this topology, the battery management controller sets 
the current for each module to a value between zero and Ibus 
based on the module SoC relative to the average SoC among 
modules, to ensure energy balancing of all modules, or based 
on the module internal impedance, to ensure the thermal 
balancing of the modules, depending on the operating 
conditions. Decreasing the current of some modules will result 
in decreasing the output voltage of the corresponding 
converters and consequently, of the overall bus voltage. This 
can be considered as a disadvantage of this topology and this 
variation in bus voltage should be taken into account when 
deciding the number of modules in a string.  
B. Using the step-up converter topology 
The cascaded boost topology showing Fig.4 consists of a series 
connection of the high-voltage side of the half bridge 
converters, while connecting the battery modules to the low-
voltage side of the converters. This means that the voltage that 
each module contributes to the bus voltage is always larger or 
equal to the battery module voltage. If one of the battery 
modules has a weak/damaged cell that cannot handle the load 
currents during high power pulses, a complete isolation for this 
module during these periods can be achieved by means of 
having an additional separation switch in series with the battery 
module which then enables a bypass of the module by closing 
both switches in the converter (shoot-through state). As this 
topology cannot lower the current of the battery module below 
the load current “Ibus” which can be considered as a limitation 
for this topology. 
 
 
Fig.4: Step-up converter based cascaded topology 
However the bus voltage can be maintained by compensating 
the voltage of the bypassed module by other modules as this 
topology allows the module voltage to be higher than battery 
module voltage which is a benefit for this topology. 
 
During the discharge cycle of the battery, the converters are 
working in boost mode with the battery modules connected to 
the input inductors and the capacitors connected to the outputs. 
The capacitor voltage Vck for converter “k” is: 
kbatt
k
k V
D
Vc .
)1(
1

    (7) 
Substituting (7) into (1): 
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During the charging cycle of the battery, the converters are 
working in buck mode with the capacitors connected to their 
inputs and battery modules connected to the output inductors. 
The capacitor voltage Vck for the converter “k” is: 
k
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Substituting (9) into (1) yields: 
k
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Based on (8) and (10), the current of each battery module can 
be controlled separately by the converter duty ratio D, and the 
module current based on this topology is greater than or equal 
to the bus current. Similar to the control of the buck topology, 
the battery management controller for this topology sets the 
current for each module which ensures energy or thermal 
balancing of the battery modules.   
C. Comparing the two converter topologies 
In order to assess the cost for implementing the two modular 
converter topologies, the installed power in the switches is 
used: 
pkpkMMisw IVNdNP ***   (11) 
Where NM is the number of modules, NdM is number of 
switches per Module (in our case both have two switches), Vpk 
is the maximum voltage of the voltage source side (the battery 
module fully charged voltage for the buck/step down topology 
or the fraction of the bus voltage for the boost/step down) and 
Ipk is the peak current on the inductor side for both topologies.  
It can be noted that even though the boost/step up converter 
will result in smaller number of modules (assuming the battery 
modules have same voltage), the actual voltage stress will be 
higher (Vbatt x kboost). The other aspect is that the inductor 
current is equal to the bus current for the buck/step down 
arrangement whilst for the boost, the inductor current is the 
battery module current which is larger (Ibus x kboost) than the 
bus current (assuming the two topologies feed a voltage bus of 
identical level).  This means the installed power in the 
switches for the two topologies will tend to be fairly similar as 
long as NM buck/NM boost = kboost2 which assumes the 
buck/step down converter is operating very close to unity 
voltage transfer ratio (Duty = 1) and this may in fact be the 
case when the battery system operates near discharged 
conditions (where battery voltage is the minimum and the 
current reaches a maximum for a given power level). 
    A summary of the operating range for both topologies is 
listed in TABLE 1 where Vpack is the overall battery voltage 
when all modules are connected together in series. 
TABLE 1: OPERATION RANGE FOR CONVERTER TOPOLOGIES 
Topology Battery Module 
Current 
Converter O/P 
Voltage 
Bus Voltage 
Step-down Ibatt.k ≤ Ibus Vc.k  ≤ Vbatt.k Vbus ≤ Vpack 
Step-up Ibatt.k  ≥ Ibus Vc.k  ≥  Vbatt.k Vbus ≥ Vpack 
III. BATTERY MODEL 
In order to evaluate the performance of the modular battery 
system implemented using the buck or boost topology, a 
detailed battery model has been built based on the 
methodology proposed in [13]. The purpose of the detailed 
model is to determine the internal power losses inside the 
battery accurately as a strong indication of its internal 
temperature.  
    The model used is a third order equivalent circuit model 
(ECM) (Fig. 5) with model parameters identified at different 
states of charge (SoCs) for a LiFePO4 (3.6V 8A) battery cell 
based on data from a battery electrochemical impedance 
spectroscopy (EIS) test. This modeling methodology was 
shown to provide a good accuracy of energy loss estimation 
with errors of 2-4% as reported in [13]. 
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Fig. 5: 3rd Order ECM for a 3.6V 8A LiFePO4 battery cell  
 The battery modules are built as a group of cells connected in 
series. To simplify the simulation, the cells within one module 
are assumed to have the same capacity and internal 
impedance, however the SoCs and internal impedances in 
different modules can take different values. 
Three battery modules will be considered with two series cells 
per each module: module1 and module3 have the same 
capacity and internal impedance; Module2 has a lower 
capacity (10% lower) and a 25% higher internal impedance 
which is consistent with the expected state of a weak module. 
During the simulation, the SoCs were estimated based on the 
“Coulomb Counting” method, and the 10% capacity 
difference was represented by including a 10% bias in the 
initial SoC that was given initially to the controller.  
    In a real application, the system controller will be 
responsible for determining the actual capacities and internal 
impedances for all cells: then each module will then be 
regulated based on the weakest cell among its cells.  
IV. SIMULATION RESULTS AND DISCUSSION 
During the charging process in a traditional centralized battery 
(TCB) system, once one cell of the string reaches its full SoC, 
the charging of the whole string needs to be paused until the 
balancing system, which typically has a lower current rating 
than the main string current, catches up and removes the cells 
voltage imbalance after which can the charging continue. This 
can be seen in Fig. 6 which shows the simulation of the 
charging process for a string of 6 series connected cells. At 
t=1400s, cell 6 which is the weakest in terms of capacity, 
reached 100% SOC and continuing the charging would 
damage it. For this reason, charging stops and the balancing 
circuit operates alone to reduce the SOC imbalance.  
 
Fig. 6: Charging process with TCB system 
At t=1800s, the SOC imbalance is canceled and the charging 
resumes. It is clear this practice is not acceptable for processes 
that require fast charging (e.g. electric vehicles) or for 
charging from a limited availability power source such as solar 
or wind, as the pause of battery charging will cause a loss of 
available energy during periods of resource. 
 
Internal impedance mismatching of the cells causes different 
power losses and temperatures within cells as can be seen in  
Fig. 7. The power loss in cell 6 is higher compared to the other 
cells (1-5) as its internal resistance is 25% higher. The 
difference in power losses becomes more obvious and 
effective when the battery string is loaded with a high current 
pulse that starts at t=300s with amplitude of 24A (the negative 
sign refers to discharging). The power losses in cells (1-5) 
reached 20 watt maximum whilst the power losses in cell 6 
reached 25 watt which is 25% more than other cells as 
expected. As the temperature has a strong effect in battery 
degradation, cell 6 supposed to experience an accelerated 
degradation i.e., (higher temperature causes more degradation 
which results in increasing cell resistance that causes higher 
temperatures) that will cause it to be more worth. 
 
Fig. 7: Imbalance of power losses for the string of cells in (TCB) system.  
With the modular battery system (MBS) based on the step-
down cascaded topology, the capacity imbalance can be 
compensated by allocating a lower proportion of the power to 
modules with lower capacity during the charge/discharge 
operation by controlling the module currents so that all reach 
their full SoC at the same time.  As can be seen in Fig. 8, during 
the charging process, the controller sets the current of 
module2 to be 5.8A as this module  has 10% less  capacity 
compared to the other modules (1 and 3) whilst the current for 
the other two modules is set to 8A. Once the differences 
between the SoCs of the three modules is significantly reduced 
(t=1100s), the controller increases the current for module2 to 
6.5A in order to reach 100% SoC at the same time (t=1400s) 
as the other modules. It can be observed that the MBS can 
remove the need for pausing the charge process as happens 
with the TCB system.  
 
Fig. 8: Charging process with cascaded buck topology  
Thermal balancing between cells can also be achieved using 
the MBS in the buck topology by controlling the battery 
modules currents according to the cells’ internal impedances 
especially during high power pulses as simulated in Fig. 9. 
Initially, with the normal loading of the battery is considered, 
with all the battery modules were discharging at the same rate 
(8A). The power losses were 4W for modules 1 and 3 but for 
module 2, the power loss was 5W.  
 
Fig. 9: Balance of power losses (step-down mode) 
During the peak power pulse (i.e. load demand that started at 
t=300s), in order to keep thermal balance between the cells, 
the system controller decreased the power share of module 2 
by setting its current to be 20A whilst maximizing the power 
contribution of the other modules (1 and 3) by setting their 
current to be same as Ibus (i.e. 24A).  
    In this way, the effect of increased impedance in power 
losses in module 2 has been cancelled by decreasing the power 
contribution of this module. The power loss for all modules 
approached 20W maximum during the pulse which is better 
than the TCB system where cell 6 power losses reached 25W 
for the same load (Fig. 7). Once the peak pulse loading 
finished at t=500s, the controller sets the current for all 
modules to be the same again as the load power has been 
reduced and the power loss reduced accordingly. It can also be 
seen, that for the module with lower current sharing, the 
converter output voltage is less and the overall bus voltage 
decreases which can be considered as one of the disadvantages 
of the step-down topology.  
Fault tolerance also can be achieved with the MBS with step-
down topology by bypassing the module that has a faulty cell 
as simulated in Fig. 10.  
 
Fig. 10: Bypassing of faulty module (step-down mode) 
The system controller bypassed module 2 due to a risk of fault 
to one of its cells at (t=500s), whilst other modules (1, 3) still 
provide their power. However the bus voltage has been 
decreased (from 15V to 10V) due to the loss of module 2 
voltage, which cannot be compensated by the other modules (1 
and 3) due to step-down topology that limits the maximum 
module voltage contribution to the string to Vbatt..  
With the step-up MBS topology, the cells capacity imbalances 
balancing can be processed by providing more power to 
modules with higher capacities by controlling the module 
currents so that all battery modules reach their full SoC at the 
same time. This situation can be seen in Fig.11. During the 
charging process, the controller sets the current of module2 to 
8A as its capacity is 10% lower compared to the other modules 
(1 and 3) that have their currents set to 12A. All modules have 
reached 100% SoC at the same time at t=1100s. This technique 
also removed the need for pausing the charging process to do 
balancing, as needed by the TCB system. 
 
Fig.11: Charging process with MBS step-up mode 
Thermal balancing cannot be done effectively by boost mode 
as the current for any of the modules cannot go below the bus 
current which is the load current (Fig. 12).  
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Fig. 12: Power losses imbalance for string cells (step-up mode) 
Instead, a module which may have a cell under the risk of 
thermal runaway under the a specific bus current can be 
bypassed (by means of additional separation switch as 
explained in II.B, and the required power from it can be loaded 
onto other modules according to their SoH. On the other hand, 
the step-up topology can maintain the bus voltage as the 
bypassed module voltage can be compensated by boost up the 
voltages produced by other modules, which is an advantage 
compared to the step-down topology. This is because the 
battery current in boost topology can exceed Ibus and module 
voltage can exceed Vbatt. 
 
 
Fig. 13: Bypassing of faulty module (step-up mode) 
 
Fault tolerance also can be achieved with step up topology by 
bypassing the module that has a faulty cell or a cell under the 
risk of reaching critical limit as simulated in Fig. 13. The 
system controller bypassed by doing a maneuver described in 
section II.B module 2 due to an assumed risk of over discharge 
to one of its cells at (t=500s). Before this time, all modules 
were discharging with the same current and each module 
provided around 7.7V to the bus voltage resulting in the overall 
bus voltage to be around 23V. At (t=500s) as module 2 has 
been bypassed, its voltage contribution to the bus dropped to 
zero, however module 1 and module 3 stepped up their  output 
voltage to 11.5V to compensate for loosing module 2 voltage 
keeping bus voltage maintained constant.  
 
V. CONCLUSION 
This paper has investigated the benefits of using a modular 
battery system with cascaded converters to implement energy 
balancing functionality between mismatched battery cells. This 
method provided more capabilities for energy management of 
the battery compared to traditional centralized battery system. 
It also can implement a new concept of balancing the thermal 
stress of the battery cells.  The use of two interchangeable step-
up and step-down converter topologies has been investigated 
for the cascaded topology: both topologies provided effective 
balancing of the energy among cells. However, the step-up 
topology could only provide partial thermal stress balancing. 
The step-up topology could maintain a fixed bus voltage when 
a fault happens to one of the modules, by bypassing the faulty 
modules but they require an additional reverse conductive solid 
state or a mechanical switch (and incurring the associated 
conduction losses in series with the battery) and transfer the 
load to the other healthy modules. However the step-down 
topology can fully bypass the faulty module without any 
additional hardware but additional redundant modules are 
needed to compensate for the loss of voltage if the bus voltage 
is needed to be kept constant (more cells of lower capacity in 
terms of Ah would be needed which does not necessarily 
means a higher amount of energy stored in terms of Wh). 
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